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Abstract 
 
The lithium ion battery is introduced for small electronic appliances at first. After several decades, 
sustainable energy sources are required to replace existing fossil fuel. One of renewable energy sources, 
electricity is suggested as candidates for available energy sources because it has no air pollution and 
high efficiency. Due to this benefits, it is considered to replace internal combustion engine of car and 
adapt to energy storage system (ESS). However, large scale batteries used in ESS or vehicle which need 
high capacity and high voltage is not able to be realized with existing cathode. The lithium cobalt oxide 
(LCO) is used for common lithium ion batteries. It is viable option for small appliances because it 
doesn’t require high spec. 
The structure of LCO is being unstable when it release more than half of its lithium sources. Also, it 
cannot bear high voltage circumstances above 4.2V because it react with electrolyte easily. Many 
researchers attempt to solve this problem. They use coating on cathode surface to protect it from side 
reactions and structural changes at high voltages instead of changing cathode. It has two type. One is 
physical method directly spraying coating materials and the other is chemical method which use 
electrochemical reaction. The chemical method is modifying solid electrolyte interphase (SEI) layer by 
additives. Those additives less than 5% of total electrolyte solution make ideal SEI layer which protects 
cathode material from side reactions with bulk electrolyte and selectively transfers lithium ions. 
Furthermore, they search cathode materials fit to industrial requirements. It is necessary to develop new 
cathode because existing electrode has limit even we use coating method. The overlithiated layered 
oxides (OLO), lithium rich layered oxides, is one of promising candidates for high voltage, high 
capacity cathodes. It is denoted as Li1+xM1-xO2 (0<x<1, M=Co, Mn, Ni) which is composed of two type 
phase represented as zLi2MnO3-(1-z)LiMO2 (0<z<1, M=Mn, Ni, Co). It is able to fulfill high capacity 
and high voltage condition, but its phase transformation during cycling is problem because it increases 
irreversible capacity.  
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In this work, we use Li1.17Ni0.17Mn0.5Co0.17O2 (0.4Li2MnO3-0.6LiNi1/3Co1/3Mn1/3O2) as cathode and 
additives to improve its stability at severe conditions. The additive is selected from salt type additives. 
The salt type is composed of lithium ion and anion pair like other lithium salts. The oxalate group forms 
durable carbonate components and core elements helps to ion transfer. It shows better electrochemical 
performances than reference. It regulate insulating materials like lithium fluoride caused by 
decomposition of lithium salt when building layer on surface and construct durable and good ionic 
permeable membrane which is able to endure high temperature and high power condition. 
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I. Introduction 
 
1. The Lithium ion batteries 
 
1.1 The demand of battery  
 
Batteries based on water electrolyte were used at early stages has low capacity due to electrochemical 
stability of water1. Non-aqueous electrolyte which has higher voltage than water solved that problem 
and improved capacity and energy density1. The electrolyte stability window of non-aqueous electrolyte 
is much broader than aqueous but it also has limitation1. In the beginning, it doesn’t matter because only 
small electronic appliances use lithium ion batteries4. Nowadays, it does because electricity based on 
lithium ion battery (LIB) as energy storage sources are focused on the renewable energy sources. It has 
no pollution and sustainable energy. Hence, many companies try to adapt it to their system instead of 
existing energy sources. They attempt to use LIBs for energy storage system (ESS) and vehicles. The 
ESS which is part of smart grid system is storage electricity at night or time when people barely use 
electricity and release in peak time to reduce fluctuation of usage which results in blackout and waste 
of sources25. The vehicle companies using combustion engine replace their engine with electric. 
Actually, vehicle based on electricity is not a new idea. It already invented in the 19th century4. It 
competes with internal combustion engine till the early 20th century. It is preferred because it is quiet 
than combustion and has no smell in comparison to fossil fuel based engine which burns fuels to get 
energy. However, development of oil in various area downs the price and it makes customers to buy 
diesel or gasoline based car. The same things happen today. The electricity car is now taking 
international spotlight but its commercialization is problematic part. The oil prices touch its peak point 
and fall down because of political situation between states and development of fracking technology 
which makes it possible to drilling shale gas commercially3. Hence, they have to develop new materials 
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for not only industrial needs but also commercialization. Furthermore the regulation policies for 
environmental demand make them to develop new materials fit to requirements. The electric vehicle 
using only electricity as power sources requires higher price because of battery price, so they combined 
battery with combustion engine (Hybrid electric vehicle, HEV) which batteries are charged when it use 
motor in driving. In addition, the time it needs to charge is much longer compared to gas station. A 
simple idea fix to this problem is charging it in night time when people sleep in home instead of raising 
power in charging because it reduces capacity. It is called plug-in hybrid vehicle (PHEV) which 
increasing usage ratio of electricity compared to HEV to elongate distance. Nevertheless those trials, 
price of vehicles using batteries (xEV) is expensive than other cars, so most of states support people to 
buy them by policies like reducing taxes or subsides. Demand of batteries for vehicle will pass the 
batteries using in IT devices (Figure 2), so new candidates which is expected to fit required spec are 
developed by various research groups. 
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Figure 1. The development of batteries.2 
 
 
Figure 2. The expectation of battery demand in various field. (SNE research, 2015) 
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1.2 The Li-ion battery  
 
The lithium ion batteries are one of rechargeable batteries which can use more than one time with 
charging process, so it also called lithium ion secondary battery. They use lithium ion as main electricity 
storage materials because light weight and low standard reduction potential gives us high energy density 
and high voltage. The lithium ion batteries are composed of four parts which are cathode, anode, 
electrolyte and separator18. The cathode and anode is also called electrode which stores energy as 
chemical form18. The electrode is composed of active material, binder and conductive materials. The 
active materials is region practically realize capacity, and binder is binding materials which attach 
electrode to current collector which transfer electrons from circuit to electrode and maintain electrodes 
itself18. The conductive materials are usually used in cathode because its ionic conductivity is too low. 
To increases electron kinetics, conductive materials like carbon black is used. It also used in anode if it 
needed. The anode not based on carbon like graphite which has good ionic conductivity have to use 
conductive materials. The electrolytes transfer lithium ion between cathode and anode through 
separator1. The separator separates cathode and anode so prohibit direct contact of both cathode which 
results in shorts18. The motivation of batteries is chemical energy gap between cathodes and anodes like 
waterfalls using height. The one thing different is they are able to backward called charging moving 
water from low to high areas. The height difference and flow of water called potential and current. The 
lithium ion moves cathode to anode when charging and backwards during discharging18. The electrons 
in circuit move to electrode. The lithium ion has positive charge meet with electrons make neutrality 
and stored as chemical energy in anode at charging process. In discharging, lithium is divided to electron 
and lithium ion. It moves to cathode and make charge neutrality again (Figure 3).  
LiCoO2 → Li1−xCoO2 + xLi+ + xe−  (Cathode) 
xLi+ + xe− + 6C → LixC6  (Anode) 
(In charging) 
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Commercialized lithium ion battery uses lithium cobalt oxide cathode and graphite anode. In the 
beginning, they uses lithium metal instead of graphite but it fails because of its safety problem. It is 
changed to graphite. The cathode is most expensive parts in manufacturing batteries (Figure 5), so many 
companies investigate commercial cathode materials. It uses transition metal in 3d groups because it 
gives us higher voltage than 4d and 5d30. In addition, its low weight has benefit in its capacity compared 
to other groups. The lithium cobalt oxides also choose cobalt as transition metals. Its durability makes 
it popular material in LIBs. However, it is one of rare-earth materials so its price is easily fluctuated. 
Also, it is not suitable to apply for xEVs or ESS. Its theoretical capacity is enough to satisfy industrial 
needs, but actually it doesn’t because its stability is rapidly fall when it exceed 4.2V vs Li or 
overcharged26-29. In overcharged states bondage between oxygen and cobalt is broken and it is melt in 
electrolytes as ion form26-29. Also, its structure collapse shortens the life cycle of batteries26-29. They try 
to fix it by coating materials like ZnO10, Fe2O311, Al2O312 to protect surface which protects electrolyte 
at high voltages. Hence, various cathode candidates compete with each other for next LIBs. One of 
candidates, NCM is ternary system using equally cobalt, nickel, manganese are used currently5-7. It 
reduces amount of cobalt which is expensive and unstable at high voltages to increase voltage window. 
There are various cathode candidates competing with each other for next LIBs. The lithium nickel 
manganese oxides has spinel structure and high voltage plateau around 4.7V, but it has severe capacity 
fading problem because of its Mn3+ ions13-17. The nickel manganese cobalt (NCM) is suggested for 
replacing cobalt to other transition metal5-7. The nickel cobalt aluminum which increase nickel ratio and 
add small amount of aluminum (NCA) are reported because of its stability in cycling performances 
even it contains high ratios of nickels8-9. In this paper, we use overlithiated layered oxides which is one 
of candidates and confirm its durability. 
 
  
12 
 
 
Figure 3. The charge and discharge process of lithium ion battery. (KERI, 2011) 
 
 
Figure 4. The four major parts of battery. (KERI, 2011) 
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Figure 5. The price structure of batteries in companies and materials. (KICET, 2012) 
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1.3 Overlithiated layered oxides (OLO)  
 
The overlithiated layered oxides or lithium rich layered oxides are one of candidates for high voltage, 
high capacity cathodes. It has two different phases Li2MO3 and LiMO2 (M=Mn, Co, Ni). It is 
represented as Li(LixMnyNizCok)O2 (x+y+z+k=1) or xLi2MO3•(1-x)LiMO2 (M= Mn, Co, Ni) to 
explaining coexistence of two phases19.  
Its Li2MnO3 phase is activated at high voltage (>4.5V) and release more capacity19. It makes OLOs 
as promising candidates for next xEV because it gives more than 200mAh/g suitable to adapt19. 
However, capacity increases by activation of Li2MnO3 cause oxygen evolution which makes critical 
problem to cell safety. Before they exceed 4.5V, it acts same as LMO. After it exceeds 4.5V, the 
Li2MnO3 phase is activated19. It releases lithium ion and oxygen as byproduct19. The empty sites which 
produced by lithium ion release are filled with transition metals19. During cycles, layered structures are 
turned to spinel-like structures due to activation of Li2MnO3 phase19 (Figure 6).   
In addition, OLO cathode works over 4.5V, so electrochemical stability of electrolyte is problem. 
The electrolyte decomposes after it exceeds 4.3V. To enhance electrochemical stability of electrolyte 
in cell, coating materials31-34 which cover cathode surface to protect it from side reaction with 
electrolyte are suggested and additives35-52 using less than 5% of total electrolyte which form durable 
SEI layer on electrode surface is introduced. In this paper, we use overlithiated layered oxide cathode 
with additives to improve its electrochemical stability and delay phase transformation. 
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Figure 6. The change of structure of OLO during charge and discharge process19  
  
 
Figure 7. Voltage profiles of OLO cathode half cell  
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2. Theoretical background 
 
2.1 Theoretical capacity  
 
It is capacity when it release all the lithium ions in. It assume all lithium ion works so real capacity 
is different. The theoretical capacity is also represented as amount of current produced by 1g of active 
materials which is actually realize capacity.  
 
In case of lithium, its molecular weight is 6.941g/mol. A one gram of lithium is 1/6.941 mol≒
0.144mol. The amount of current achieved in one mole of material is denoted as 1Faraday•1mole 
 
1Faraday × 1mole = 1.602×10-19C (A∙s) × 6.023×1023/mol 
      = 9.648846×104C (A∙s)/mol 
       = 9.648846×104A∙s∙1h/3600s∙mol 
      = 26.80235Ah/mol 
Theoretical capacity of 1g of lithium = 0.144mol×26.80235Ah/mol∙1g 
= 3.8595384Ah/g 
= 3859.5384mAh/g 
≒ 3859mAh/g 
 In case of graphite and lithium cobalt oxides, it is same as lithium except that they have other materials 
maintains structures.  
The molecular weights of graphite and LCO are 12.00g/mol and 97.851g/mol. 
1g of graphite = 1/12.00 mol ≒ 0.0833mol 
(Lithium combined with graphite as LiC6, so dividing it by 6) 
1g of LCO = 1/97.851 mol ≒ 0.0102mol 
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Theoretical capacity of 1g of graphite = 0.0833mol×26.80235Ah/mol∙1g∙6carbon = 372.10mAh/g 
Theoretical capacity of 1g of LCO = 0.0102mol×26.80235Ah/mol∙1g = 273.38mAh/g 
 
2.2 Electrolyte  
 
The electrolyte transports ions from cathode to anode or backwards. Hence, ionic conductivity how 
fast ion can transfer is key factor of electrolyte. The viscosity is one of factor affect ionic conductivity. 
It has liquid type and gel or solid type. Commonly liquid type has excellent ionic conductivity compared 
to solid1. However, solid type electrolyte has strong point in safety problems. The electrochemical 
stability limit of electrolyte is 4.3V vs Li1. The electrolyte decomposes when it exceed 4.3V. It causes 
not only capacity fading. It can cause short due to growth of lithium dendrites produced as byproduct 
of salt decomposition or irreversible loss of lithium ion. To avoid emergency situation, liquid electrolyte 
have to contain specific additives protect battery from overcharge, short, fire.  
 
2.3 Solid Electrolyte Interphase (SEI) layer 
 
The solid electrolyte interphase layer is membrane formed in electrode surface during cycling. It is 
one of side product produced but it role as protective layer which is permeable to lithium ion and 
prohibit side reaction between electrolyte and electrode1. The ideal state is SEI layer is maintained 
during cycle1. However, it is broke down and constructed again repeatedly. It consumes lithium ion but 
amount of lithium in cell is limited. Consequently, the capacity rapidly fading during cycles. In severe 
condition like high temperature, the breakdown of SEI layer is accelerated. That’s why we need to 
design electrolyte to form stable and durable SEI layer. In this paper we used additives, lithium difluoro 
bis (oxalato) phosphate, to modify SEI layer fit to overlithiated layered oxide cathode. 
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2.4 Molecular orbital (MO) 
 
The molecular orbital is important factors in designing LIBs. The lowest unoccupied molecular orbital 
(LUMO) and highest occupied molecular orbital (HOMO) is determines stability of electrolytes4. The 
additives have higher HOMO energy decompose earlier than electrolyte at cathode site and produce 
layer because it gives electron first. It is called oxidative decomposition. The additives have low LUMO 
energy than electrolyte take electrons earlier than electrolyte and decompose reductively.  
 
2.5 Functional additives 
 
 The functional additives are designed for specific purposes. Common function of additives are 
constructing lithium ion permeable layer for transportation of lithium ion and protection from side 
reactions occurred between electrode and electrolyte. The additives are used for various reasons. It 
extinguishes fire in short which called nonflammable additives21 or trapping HF20 produced by 
decomposition of H2O and LiPF6. In addition, some additives are used for protecting electrodes in 
overcharged states which results in destruction of structure. In this paper, we used additive which 
modifies SEI layer on cathode site. The lithium difluoro bis(oxalate) phosphate (LiDFBP) which called 
salt type additive. The salt type additive is developed for replacing existing salt. LiBOB is attempted to 
use as salt[]. Its two oxalate ring forms stable layer, but due to its thickness its high rate capability is 
low. The LiBOB is known as additive for anode side22,23 but it is announced that it also works at cathode 
site recently[]. It has two oxalate ring and phosphorous core (Figure 9). LiDFBP is not reported as salt 
or additive. 
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Figure 8. Salt type additive : LiBOB and LiDFBP 
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II. Experimental 
 
1. Electrolytes and electrode 
 
The baseline electrolyte is 1.3M lithium hexafluorophosphate (LiPF6, Soulbrain Co. Ltd.) dissolved in 
a solvent mixture of ethylene carbonate (EC, Soulbrain Co. Ltd.), ethyl methyl carbonate (EMC, 
Soulbrain Co. Ltd.), and dimethyl carbonate (DMC, Soulbrain Co. Ltd.) in a 3:4:3 volume ratio. The 
fluoroethylene carbonate (FEC, Soulbrain Co. Ltd.), lithium difluoro bis(oxalato) phosphate (LiDFBP, 
WCA2, Samsung SDI), tris(trimethylsilyl) phosphite (Sigma Aldrich) are used as additives.  
 The cathode based on Li1.17Ni0.17Co0.17Mn0.5O2 (0.4Li2MnO3 · 0.6LiNi1/3Co1/3Mn1/3O2, J.P Cho at 
UNIST ) was prepared by mixing 80 wt % active materials, 10 wt % conductive materials (Super-P), 10 
wt % polyvinylidene fluoride (PVDF) binder dissolved in anhydrous 1-methyl-2-pyrrrolidinone (NMP) 
was casted on Al current collector. The electrode thickness is approximately 42µm. The specific 
capacity of the cathode and the active material loading were practically 1.0mAh cm-2, 5.0mg cm-2 
respectively. The electrode after casting is first dried in 80oC oven for 30min and dried again 2hr at 
110oC with vacuum oven.  
 The anode was prepared by mixing 95% active materials(DAG), 5% polyvinylidene fluoride (PVDF) 
binder dissolved in anhydrous 1-methyl-2-pyrrrolidinone (NMP) was casted on Cu current collector.  
 
2. Assembling cathode half cell and full cell 
 
The half cell and full cell is assembled with 2032-coin type cell. All 2032-coin type cells were 
assembled in an argon-filled glove box. The 0.7T lithium is used for half cells. The polyethylene (PE, 
SK innovation Co. Ltd.) separator which has thickness and porosity were 20 μm and 38% 
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3. Electrochemical measurements 
 
1.1 Precycle 
 
The precycle is galvanostatically done with battery measurement system (WonATech, WBCS3000) 
after aging 10 hours for permeating electrolyte properly. It is charged up to 4.6V with 0.05C CV and 
discharged to 2.0V at 0.1C rate. The 2min rest time is given between constant voltage to discharge and 
after discharge to start charge for stabilizing cell condition.  
 
1.2 Cycle performance 
 
The cycling performance at 30oC is charged to 4.6V with 0.05C CV and discharged to 2.0V as 1.0C rate 
during 100cycles. The cycling performance at elevated temperature is charged and discharged between 
4.6V-2.0V without constant voltage as 0.5C rate.    
 
1.3 Rate capability test 
 
The charging rate is fixed to 0.2C and charged to 4.6V with 0.05C CV and discharged with various C-
rates. The discharging rate is changed to 0.2C, 0.5C, 1C, 2C, 3C, 7C, 0.2C per 5cycles.  
 
1.4 Electrochemical Impedance Spectroscopy (EIS) 
 
 The impedance was obtained on a Iviumstat (Ivium technologies, Netherlands) The impedance after 
precycle is calibrated from 100MHz to 0.01Hz at 0.005V amplitude.  
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2 Instrumental analysis 
 
2.1 X-ray photoelectron spectroscopy (XPS) 
 
The cell after precycle is carefully disassembled in argon-filled glove box. The electrode is washed 
with dimethyl carbonate (DMC) and dried. The SEI layer formed after precycle is measured by ex-situ 
X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha system) performed with Al Ka 
(hn ¼  1486.6 eV) radiation on ultrahigh vacuum condition. 
 
2.2 Scanning electron microscopy (SEM) 
 
After precycle, OLO/Li cells are disassembled in argon-filled glove box. It is washed with DMC and 
dried. The ex-situ field-emission scanning electron microscopy (Nova Nano230 FE-SEM) are used to 
measure surface morphologies 
 
2.3 Energy-dispersive X-ray spectroscopy (EDX) 
 
It uses same machine on SEM. The EDX is calibrated in 40000 magnitude with 10kV voltage. It analyze 
kinds of components and amount ratio of materials on cathode surface. 
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III. Results and discussion 
 
1. Effect of LiDFBP additive on electrochemical performance of overlithiated 
layered oxide cathodes 
 
1.1 Voltage profiles and dQ/dV plots of precycle 
 
The voltage profiles and dQ/dV plots shows that LiDFBP reduced resistance compared to reference. 
During charging process, activation after 4.5V is regulated in presence of LiDFBP. The dQ/dV plot 
shows 4.5V peak, activation of Li2MnO3, is diminished. Due to regulation, charge capacity of LiDFBP 
is lower than reference (LiDFBP : 304.6mAh/g, Ref : 309.3mAh/g). The lithium extraction from LiMO2 
phase is also delayed when it uses LiDFBP from 3.75V to 3.85V. It is possible that LiDFBP consumes 
extracted lithium ion or structural change caused by LiDFBP delays extraction onset. 
 
 
 
 
 
Figure 9. Voltage profiles and dQ/dV plots of OLO/Li half cell after precycle 
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1.2 Impedance 
 
 The electrochemical impedance spectroscopy is achieved after precyle of OLO half cell. The bulk 
resistance is nearly same whether it uses additive or not. There’s significant differences in interfacial 
resistance. LiDFBP reduced interfacial resistance from 19.5 Ohm to 14.8 Ohm. LiDFBP derived SEI 
layer is less resistive compared to reference. LiBOB additive which also contains boron core on its 
structure decomposes and forms durable but thick and resistance layer due to its oxalate rings. In case 
of LiDFBP, it induce less resistive SEI layer. It might be results of core element difference. 
 
 
 
 
 
 
 
 
Figure 10. AC-impedance spectra after OLO/Li half cell precycle 
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1.3 Rate capability test 
 
LiDFBP forms less resistive and good lithium ion permeable layer. Hence, its rate capability test at high 
rates are improved compared to reference. Its retention capacity which compares capacity at 7C and 
0.2C shows effect of LiDFBP (44.4% of reference to 60.2% of LiDFBP). The oxalate based SEI layer 
might be reason of increase of resistance, but phosphorous and two fluorine on core site is expected to 
stimulate ion transport. 
 
 
 
 
 
 
 
 
 
Figure 11. Rate capability test of OLO/Li half cell. 
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1.4  Cycling performance of OLO/Li half cells at 25oC 
 
The cycling performances at 25oC are significantly improved after using additive. Retention of cell 
after cycling is increased from 45.4% to 76.0%. Refererence electrolyte experience capacity fading 
earlier than LiDFBP. SEI layer derived from LiDFBP delays capacity fading slowly compared to 
reference and stabilize fluctuation of coulombic efficiencies. In presence of LiDFBP, coulombic 
efficiencies are also fluctuated but it didn’t exceed 97%. 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Cycling performances of OLO/Li half cells at 25oC  
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1.5 Cycling performance of OLO/Li half cells at 60oC 
 
At elevated temperature, Li2MnO3 phase activation is more rapidly occurred than room temperature. 
Due to its activation, capacity is increased. That increase is less occurred in presence of LiDFBP. Its 
capacity of initial cycle at 60oC is 269.4mAh/g which is smaller than 289.7mAh/g. High temperature 
condition stimulates activation of Li2MnO3 continuously. Therefore, SEI layer formed in precycle 
would be broken due to its oxygen evolution byproduct of activation. The broken site are recovered and 
it consumes lithium sources from cathode or lithium salt. After few cycles, repeat of this reaction 
exhaust not only lithium salt in electrolyte but also carbonate based solvents which used in construction 
of SEI layer. In case of reference, its capacity fades rapidly after 40cycles which is result of electrolyte 
exhaustion. LiDFBP shows better cycling performances at elevated temperature than its performance at 
room temperature. It also shows better coulombic efficiency. However, that results would be caused by 
activation of Li2MnO3 phase. Otherwise, it is possible to think that residual additives which don’t 
participate SEI layer formation is decomposed due to its severe condition which results in recovery. 
 
 
 
 
Figure 13. Cycling performances of OLO/Li half cells at 60oC  
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1.6 XPS analysis of cathode after precycle 
 
The C-O-C peak and CO2 peak of LiDFBP shows higher intensity compared to reference. 
Decomposition of two oxalate rings in LiDFBP is main reason. In O1s spectra, carboxylate/carbonate 
peaks also agree to oxalate ring shows higher intensity than reference. Metal oxides peak in LiDFBP 
also has higher intensity than reference. The high intensity metal oxides means that SEI layer formed 
on cathode surface is thin enough to detect bond between transition metal and oxygen in cathode 
materials. Decomposition of LiDFBP based on oxalate ring opening reaction is same as LiBOB, but 
final product is different. It produces less resistive, thin SEI layer. 
 
 The P 2p and F 1s spectra shows how LiDFBP effectively suppress decomposition of lithium salt on 
cathode surface. P 2p spectra represents SEI layer of LiDFBP prevents lithium salt decomposition 
contrast to reference. It is hard to find even residual salt peak. The peak around 134eV of LiDFBP might 
be caused by P-O bond in its core.  
The F 1s spectra also agree with P 2p spectra. Reference shows high intensity of LiF component due 
to its salt decomposition. Ratio of LiF is reduced from 59.9% to 21.2% in presence of LiDFBP. LiDFBP 
derived SEI layer is thin and durable which prevents additional electrolyte decomposition.  
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Figure 14. XPS C 1s, O 1s spectra of OLO/Li half cells after precycle 
 
Figure 15. XPS P 2p, F 1s spectra of OLO/Li half cells after precycle 
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1.7  SEM/EDX analysis of cathode after precycle 
 
 The cathode surface after precycle is analyzed by SEM/EDX. There’s no big differences in comparison 
of morphology. Hence, we investigate ratio of components on cathode surface by EDX analysis. It 
shows ratio of fluorine is reduced from 10.09% to 5.17% in presence of LiDFBP. This result is agree 
with XPS F 1s spectra which also shows high fraction of LiF on cathode surface. In SEM/EDX analysis, 
it is clear that SEI layer formed by LiDFBP prevents decomposition of salt. 
 
 
 
 
 
 
 
Figure 16. SEM/EDX analysis of OLO/Li half cells after precycle with reference electrolyte, 
1%WCA2, 5% FEC and 1%WCA2+5%FEC 
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IV. Conclusion 
 
LiDFBP LiDFBP (Lithium difluoro bis(oxalato) phosphate) was employed as a salt-type additive for 
high-voltage OLO cathodes. LiDFBP additive underwent the electrochemical decomposition at the 
OLO cathode and formed electrochemically stable and relatively low resistive SEI layer. The addition 
of LiDFBP significantly improved the rate capability due to low interfacial resistance of the surface 
film gererated by LiDFBP.  LiDFBP may delay lithium extraction on LiMO2 (M=Ni, Co, Mn) layered 
and regulate activation of Li2MnO3 phases. The cycling performance at an elevated temperature (60oC) 
seems to be related this. It is expected that the P element of LiDFBP-derived SEI layer can accept 
oxygen radical from activation of Li2MnO3 and trap HF produced by the LiPF6 hydrolysis reactions. 
 
 
 
 
 
 
Figure 17. Scheme of LiDFBP derived SEI layer and its function. 
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